Abstract Generalized atrophic benign epidermolysis bullosa (GABEB), a subtype of epidermolysis bullosa (EB), is an autosomal recessive skin disease characterized by derm-epidermal separation leading to skin fragility and atrophy and other associated abnormalities. Although a few reports demonstrated that eosinophils are infiltrating beneath bullas in infants with some types of EB, no such condition in adult GABEB patients has been known. Here we report on three adult patients with GABEB from a Japanese family, whose bullous skin lesions showed massive eosinophil infiltration. One of the three patients showed amyloid deposition at the intestine, kidney, and skin. Linkage analysis revealed that GABEB in the family was linked to COL17A1 with a maximum LOD score of 3.08. Mutation analysis identified in the three patients a homozygous insertional mutation, 209-210insCA, in exon 5 of COL17A1. The expression of mutated COL17A1 was confirmed by semiquantitative RT-PCR, but no signals for truncated COL17A1 protein were detected by the immunohistochemical studies using antibodies against BP180. Furthermore, no autoantibody against the mutant protein was detected by western blot analysis. It is thus less likely that autoantibody and/or a local immune reaction in their skin has a primary role in eosinophil infiltration in these patients.
Introduction
Generalized atrophic benign epidermolysis bullosa (GABEB, OMIM #226650), a subtype of epidermolysis bullosa (EB), is an autosomal recessive disease and characterized by blistering derm-epidermal separation leading to skin fragility and atrophy, nail dystrophy, dental anomalies, and alopecia of the scalp, eyebrows, secondary sexual hair (Hinter and Wolf 1982) . GABEB is caused by mutations in several genes, including those for collagen type XVII alpha-1 (COL17A1 mapped at 10q24.3), laminin gamma-2 (LAMC2 at 1q25-31), laminin beta-3 (LAMB3 at 1q32), and laminin alpha-3 (LAMA3 at 18q11.2). A number of truncation and missense mutations in COL17A1 have been reported (Schumann et al. 1997; Bauer and Lanschuetzer 2003) . The skin fragility of GABEB may be due to lack of the COL17A1 gene product (collagen XVII, also called BPAG2 or BP180).
Bullous pemphigoid (BP) is an acquired autoimmune skin disease characterized by multitense blisters due to derm-epidermal detachment and by prominent involvement of eosinophils around blisters (Van den Bergh and Giudice 2003) . It is known that anti-BP180 autoantibody, which recognizes the extracellular domain of BP180 (Nc16A), gives rise to an antibody-mediated inflammatory reaction in the basement membrane zone (BMZ) and derm-epidermal separation leading to blister formation in BP patients. Eosinophils around the blisters are activated at BMZ before and simultaneously with the separation. Although eosinophils may play an important role in damaging BMZ and accelerating the blister formation (Van den Bergh and Giudice 2003) , the underlying mechanism to produce an autoantibody against COL17A1 and induce eosinophil infiltration around the blisters is not yet understood.
In contrast, an association of EB with eosinophil/ mast cell infiltrations in the bulla is rare and, to our knowledge, such an association has been reported only in a few infants with some types of EB other than GA-BEB (Sanz-Santamaria and McNutt 1966; AntonLamprecht and Schnyder 1982; Roth et al. 1990; Grunwald et al. 1999) ; however, the cause of eosinophil infiltration remains unknown. Furthermore, in a few patients with autosomal recessive dystrophic EB (OMIM #226600) due to mutations in (COL7A1), amyloidosis was seen to cause renal dysfunction (Fine et al. 2004) . However, there is no report of GABEB patients with amyloidosis.
We recently encountered three patients with GABEB who were the children of two consanguineous couples in a Japanese family. In addition to clinical manifestations for GABEB, the patients had distinct histological features characterized by massive eosinophil infiltration around blisters. One of three patients also had massive depositions of amyloid in the intestinal epithelium and kidney and, to a lesser degree, in the skin. Here we show the results of genetic and immunohistochemical studies of this family.
Materials and methods

Patients and their clinical findings
The proband (IV-3, Fig. 1 ), a 56-year-old female, is the second child of healthy parents who were cousins. Her blisters were evident 3 days after birth in the generalized skin, healed without scarring, and have been continuing (Fig. 2a) . She had multiple, recurrent blisters in the skin and oral mucosa, nail dystrophy, dental anomalies, alopecia, severe recurrent diarrhea, and hematuria. Endoscopic examination revealed multiple erosions on the esophagus. Congo-red staining of biopsy specimens from her intestine and kidney showed massive amyloid deposition under the epithelium (Fig. 3) . Her serum level of amyloid-A fragment was 41.5 lg/ml (normal level <8 lg/ml). Her renal function was deteriorated. There were amyloid depositions around the skin hair follicles. Hematoxylin and eosin staining of the blistering skin lesions revealed predominant eosinophil infiltration at the perivascular zone and in the dermis just under the bulla (Fig. 2b, c) . Toluidine-blue staining of the same skin section showed many mast cells beneath the blisters. These findings mimicked BP. Her serum IgE, IgG, IgA, IgM levels, number of leukocytes, and At three polymorphic loci (D10S221, D10S360, and D10S541) around COL17A1 at 10q24.3. Arrow denotes the proband the eosinophil ratio in blood were normal. Direct and indirect immunofluorescent stainings never gave evidence for circulatory antibody against epidermal components and depositions of immunoglobulins/C3 on the basement membrane zone. Chemotactic factors concerning eosinophils in the blister fluid were condensed: histamine, 590 nmol/l (normal level <0.5 nmol/ l); interleukin (IL)-5, 1,610 pg/ml (normal level <10 pg/ ml); and IL-8, 2,590 pg/ml (normal level <2.0 pg/ml). From these findings, she was diagnosed to have GABEB with eosinophil and mast cell infiltration and systemic amyloidosis.
A 44-year-old younger sister (IV-4, Fig. 1 ) and a 39-year-old nephew (V-3, Fig. 1 ) also had GABEB, its corresponding skin-tissue pathology, and eosinophil infiltration. Histological examinations of the two patients did not reveal any amyloid depositions. There was no family history for allergic diseases, such as atopic dermatitis, allergic rhinitis or asthma, and collagen diseases.
Electron microscopy and further immunohistological examinations
A skin sample embedded in epoxy resin was sectioned at 70 nm, stained with uranyl acetate and lead citrate, and observed under a transmission electron microscope (JEM-1200EX, JEOL, Tokyo, Japan). Skin sections from the patients and a control individual were stained by immunohistochemical technique using various antibodies, including monoclonal antibodies against the extracellular domain (mAb-Nc16a) and the intracellular region (mAb-1A8c, a gift from Dr Katsushi Owaribe) of COL17A1.
Genetic linkage and mutation analyses
The family studied included 13 members (Fig. 1) . After written informed consent was obtained under the approval of the Bioethical Board of Nagasaki University Hospital, blood samples were collected from the family members. The protocol for this study was approved by the Committee for the Ethical Issues on Human Genome and Gene Analysis in Nagasaki University. Linkage analysis was performed in the 13 family members (Fig. 1) for candidate genes or regions for EB, such as LAMC2, LAMB3, LAMA3, COL17A1, and ITGB4, using six respective polymorphic markers around each locus. Fluorescence-labeled primers were used for genotyping of the family members studied. PCR was performed on DNA Thermal Cycler Model 9700 (Applied Biosystems, Foster City, CA, USA) in a 10 ll mixture containing ExTaq DNA polymerase HS-version (TAKARA Bio Inc.). PCR products were run on an auto-sequencer Model 377 with GeneScan software (Applied Biosystems). Genotyping was carried out using Genotyper software (Applied Biosystems). To calculate LOD scores using Genehunter software (Kruglyak et al. 1996) , we assumed that the disease is transmitted in an autosomal recessive mode with complete penetrance (P=1.00) and set the allele frequency to be 1/N when the observed number of alleles is N.
The genomic sequence of COL17A1 was retrieved from the NCBI Web site (GenBank accession no. M91669), and PCR primers for all its exons including boundary sequences were designed. PCR-based sequencing was performed using BigDye-terminator sequencing reagent version-3 (Applied Biosystems), and all sequences obtained were aligned with Autoassembler software (Applied Biosystems) and inspected for base changes.
RT-PCR analyses of mutated COL17A1 and chemotaxis-related genes and western blotting for mutated COL17A1 protein
To know whether COL17A1 is processed through authentic splicing and to try to measure the amount of mutant mRNA, we performed semiquantitative RT-PCR of mRNA. Total RNA was extracted using TRI-ZOL reagent (Invitrogen, Carlsbad, CA, USA) from the upper epidermis of a skin blister of the proband and that of a healthy person's blister, which was intentionally produced by mechanical suction. RT reaction was carried out using SuperScriptä First-Strand Synthesis System (Invitrogen) with random hexamer oligonucleotide. PCR was carried out using the following primers (5¢-3¢): COL17A1 exon 4F/exon 7R, GACCAGCAA TGGCTATGCTA/CACTCCGTCCTCTGGTTGAAG and the relative amount of COL17A1 mRNA between the proband's and the control's keratinocytes was compared.
To know whether some specific genes are expressed together with the eosinophil infiltration, we also carried out RT-PCR analysis of the following 14 chemotaxisrelated genes: IL-3, IL-5, IL-8, IL-9, IL-10, IL-15, TNFa, RANTES, GM-CSF, eotaxi-3, MCP-3, MCP-4, MCP-8, and NF-jB using RNA extracted from keratinocytes.
Partial cDNA for COL17A1 with an insertional mutation (209-210insCA) generated by PCR and tagged with the hemagglutinin (HA) sequence at the 3¢-end region was cloned into pcDNA3.1(À) (Invitrogen). This construct expressing a mutant mRNA was transfected to HEK293 cells and the transformant was subjected to western blotting as previously described (Sambrook et al. 1989) . Blots were treated with 2,500-fold diluted patient's serum as a primary antibody, followed by treatment of HRP-conjugated secondary antibodies against human IgG, IgM, IgA, or IgE and finally visualized using chemiluminescence (Amersham Biosciences, Buckinghamshire, UK).
Results
The linkage analysis and subsequent haplotyping revealed that GABEB in the family was linked to three polymorphic marker loci (D10S221, D10S360, and D10S541) around COL17A1 at 10q24.3 with the maximum LOD score of 3.08. The results suggested COL17A1 as the causative gene for GABEB in that family. Sequencing analysis of the patients identified a homozygous 2-bp insertional mutation, 209-210insCA, in the exon 5 of COL17A1 (Fig. 5a ). The insertion is predicted to create a premature termination codon before the transmembrane domains. The semiquantitative RT-PCR products from a mutated and a wild-type COL17A1 mRNA from the proband's and normal skin, respectively, revealed a single band on agarose gel electrophoresis and almost the same amount (Fig. 6) . Sequencing of the RT-PCR product of the proband ruled out the possibility of exon skipping. The RT-PCR analysis of the 14 eosinophil chemotaxis-related genes did not detect any differential expression between the skin specimens from the proband and the control (data not shown).
Electron microscopy of the skin specimen from the proband revealed cleavages in the derm-epidermal junction (Fig. 2d) with a normal appearance of both the lamina densa and the anchoring fibrils. Immunohistochemical analysis of the specimen using antibodies against the intracellular region of COL17A1 showed no fluorescent signal along the basement membrane in a) and the wild-type sequence in a normal control individual (lower row in a). The mutation of the proband is located at the most 5¢-position among previously reported mutation sites (arrow). N-terminus is located within the cytoplasm of the keratinocyte, extracellular domain traverses the lamina lucida, and C-terminus is situated in the lamina densa. The 1A8c and Nc16a are domain names of the cytoplasmic region and the extramembrane region in the BP180, respectively c (Fig. 4a) . Immunofluorescent signal was also lacking when using an antibody against an extracellular domain of COL17A1 (Fig. 4b) . Analysis using other antibodies against keratine-5, keratine-14, alpha-4/beta-6 integrin, BP230, collagen IV, and plectin showed signals on the roof (upper epidermis) of the blisters, while the laminin V and collagen VII signals appeared at the bottom (basement membrane) of the blisters. No alteration of these signals was seen in the proband's skin, compared to the normal one (data not shown). Western blotting of frameshift COL17A1 protein, forced to be expressed in mammalian cells, revealed no evidence of the existence of autoantibodies against the mutant protein in the patients' serum (data not shown).
Discussion
The three patients in the family we described were clinically diagnosed to have GABEB. Their clinical history (the onset of the disease 3 days after birth in the proband), inheritance mode (two pairs of consanguineous parents), characteristic skin lesions (cleavage in the lamina lucida and normal lamina densa and anchoring fibrils), and other associated manifestations (nail dystrophy, dental anomalies, and alopecia) all led to the diagnosis (Hinter and Wolf 1982; Fine et al. 2000) . Genetic analysis of the patients disclosed a novel, homozygous insertional mutation, 209-210insCA, in exon 5 of COL17A1. The insertion is located at the most 5¢-region among previously reported mutation sites (Bauer and Lanschuetzer 2003) . The mutation is expected to create a premature termination codon in exon 9. Consequently, of the 173 amino acids translated, 71 at the N-terminus reflected the 5¢ wild-type sequence and the remaining 102 were derived from frameshift sequences (Fig. 5b) . It is thus most likely that the mutation results in the fragility of attachment between the epidermis and basement membranes, leading to GABEB. Huber et al. (2002) stated that COL17A1 responsible for nonsense mutation-mediated mRNA decay was accelerated in keratinocytes to eliminate the mutant transcripts through the highly conserved mechanism. Nevertheless, the altered COL17A1 protein that retains 71 wild-type amino acids within the intracellular region, albeit nonfunctional, is probably produced in our patients' keratinocytes, because the mutated mRNA was confirmed to be transcribed through authentic splicing and its amount was almost the same as wildtype mRNA (Fig. 6 ).
Histological observations in our patients, i.e., massive eosinophil infiltration without neutrophils, which occurred 6 h after intentional introduction of bulla, in the dermis just under the bulla and elevated eosinophil-related cytokines in blister fluid, are unusual in GABEB but resemble BP (Van den Bergh and Giudice 2003) . Although BP and GABEB are distinct diseases, i.e., the former is an acquired autoimmune disease and the latter a heritable disorder, a common immunological mechanism would exist for the derm-epidermal detachment between BP and GABEB in our patients. Eosinophil infiltration is one of the characteristic early events in BP (Sams and Gammon 1982) and degranulation of eosinophils that invade into the blister's fluid and release their related cytokines may be a part of immune reactions involved in the derm-epidermal detachment in BP (Engineer et al. 2001; Bowszyc-Dmochowska and Dmochowski 2002; Van den Bergh and Giudice 2003) . It is also likely that anti-COL17A1 antibodies, such as those against the COL17A1 extracellular domain (Nc16a) (Zillikens et al. 1997) , play a main role in the pathogenesis of BP because the disease is associated with tissue-bound and circulating IgG-type autoantibodies against the basal membrane zone of the stratified epithelium (Perriard et al. 1999; Liu and Diaz 2001) . Recent studies showed that some BP patients have immunereactivity against the intracellular domain of COL17A1 (1A8c) in an early stage of the disease and suggested an important role of intracellular epitopes in the initiation and development of BP (DiZenzo et al. 2004 ). These findings led us to assume that our patients' truncated COL17A1 retaining a portion of the intracellular domain would be more or less expressed and consequently a certain autoantibody would invoke an immune reaction to involve eosinophils. However, by the western blot analysis, such a mutant protein was not detected in the conditional medium, but identified only in the HEK293 cells when using 1· sample lysis buffer (containing 3% SDS) directly onto the cell in the culture dish. Therefore, we concluded that a truncated COL17A1 was prone to be degraded when cells were replaced in nonphysiological conditions, retained in the cell, and were not secreted (data not shown). No autoantibodies were detected in the serum of our patients or deposited at their basement membrane zone. Furthermore, no antibody-mediated immune response on the basement membrane was seen by the immunohistochemical analysis. It is plausible that the misfolded mutant protein has led to cell death and abnormally triggered an immune response. were amplified by RT-PCR using epidermal tissue RNA. Random primed RT products were subjected to various cycles of PCR amplification. Lanes 1 and 4, 36 cycles; lanes 2 and 5, 38 cycles; and lanes 3 and 6, 40 cycles. Relative intensity ratio of COL17A1 to GAPDH in the proband (lanes 1-3) is not decreased compared to the control sample (lanes 4-6) Eosinophil infiltration has also been seen in infants with some types of EB, such as epidermolysis bullosa simplex, junctional epidermolysis bullosa, dominant dystrophic epidermolysis bullosa, but mutations in patients with these disorders were not confirmed (Roth et al. 1990; Anton-Lamprecht and Schnyder 1982; SanzSantamaria and McNutt 1966; Grunwald et al. 1999) . Eosinophil infiltration seen in the neonates with EB was assumed to be a phenomenon of their immaturity and/or insufficiency of the immune response system (Roth et al. 1990; Grunwald et al. 1999 ). In our patients, eosinophil infiltration was also observed in the ileum. Various degrees of amyloid depositions were observed in many tissues of the proband, such as the skin, ileum, and kidney. Amyloid deposition in the proband may be a secondary phenomenon because this was not seen in the other two patients of the family. Although the mechanism for the production of amyloid is unknown, amyloid deposition is likely a result of an abnormal immune response against continuous inflammation.
In conclusion, since there is no direct evidence for a local antigen-antibody reaction in our GABEB patients, their pathological mechanism of eosinophil infiltration remains unknown. Mechanical stress and/or exposures to external atmosphere might invoke a unique reaction in the skin through unknown mechanisms.
